Electron spin resonance analysis of ͑100͒Si/ LaAlO 3 structures reveals the absence of a Si/ SiO 2 -type interface in terms of archetypal Si-dangling bond-type Si/ SiO 2 interface defects ͑P b0 , P b1 ͒. With no P b -type defects observed, this state is found to persist during subsequent annealing ͑5% O 2 +N 2 ambient͒ up to T an ϳ 800°C, indicating a thermally stable and abrupt Si/ LaAlO 3 interface. In the range T an ϳ 800-860°C, however, a Si/ SiO 2 -type interface starts forming as evidenced by the appearance of P b0 defects and, with some delay in T an , the EX center ͑a SiO 2 associated defect͒ attesting to significant structural/compositional modification. The peaking of the defect density versus T an curves indicates that the interlayer with SiO x nature breaks up upon annealing at T an ജ 930°C, possibly related to crystallization and silicate formation. No LaAlO 3 Special attention has been paid to the Si/high-dielectrics interface, since its quality fundamentally influences device performance. Typically, the process used to deposit metal oxides directly on Si results in the formation of a SiO 2 interfacial layer, as revealed by numerous topographic/imaging techniques, such as medium-energy ion scattering ͑MEIS͒, high-resolution transmission electron microscopy ͑HRTEM͒, and x-ray photoelectron spectroscopy ͑XPS͒.
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On the atomic scale, this has been prominently demonstrated initially by K-band electron spin resonance ͑ESR͒ work 6 on stacks of ͑100͒Si with nanometer-thick layers of Al 2 O 3 and ZrO 2 grown by the atomic layer chemical vapor deposition ͑CVD͒ method, which revealed the presence at the Si/dielectric interface of Si-dangling bond-type point defects ͑P b0 , P b1 ͒-the archetypal defects for the ͑100͒Si/ SiO 2 ͑SiO x N y ͒ interface. It has since been confirmed by various independent ESR studies. 7 The P b -type defects are the dominant class of interface traps invariably introduced at the Si/ SiO 2 interface as a result of lattice mismatch. [8] [9] [10] Their presence in Si/high-structures would thus convincingly demonstrate the presence of a SiO x -type interlayer. So far three types of Si-dangling bond-type interface defects have been established by ESR. All three variants, P b in ͑111͒ Si/ SiO 2 and P b0 and P b1 in ͑100͒Si/ SiO 2 , were shown to be trivalent Si centers [9] [10] [11] [12] and naturally occurring, for standard oxidation temperatures T ox ͑800-960°C͒, in areal densities of 10 ͓P b ͔ϳ5 ϫ 10 12 cm −2 and 6 ͓P b0 ͔, ͓P b1 ͔ϳ1 ϫ 10 12 cm −2 . The chemically identical P b and P b0 were established as dominant detrimental interface traps. 8 Despite the superb electronic quality of the Si/ SiO 2 interface, the presence of an interfacial SiO x layer in Si/highstructures is not desirable in view of minimizing the net equivalent Si-oxide thickness ͑EOT͒. Park and Ishiwara deposited the first LaAlO 3 thin films ͑ =20-27͒ on ͑100͒ Si using molecular-beam deposition ͑MBD͒. 13 Later, Edge et al. showed through an intensive study combining infrared absorption, Auger electron spectroscopy, MEIS, HRTEM, and XPS that it was possible for as-deposited amorphous ͑a͒ LaAlO 3 films on Si grown by MBD to have Ͻ0.2 Å of SiO 2 at the LaAlO 3 / Si interface.
14 This remarkable result allows the elimination of the SiO x interlayer, but at the same time raises the question regarding quality, both in atomic and electrical terms, of the abrupt Si/ LaAlO 3 interface. In a recent paper, 15 Sivasubramani et al. investigated these a-LaAlO 3 / Si entities as a function of postdeposition rapid thermal annealing ͑RTA͒ for 20 s in flowing N 2 . They observed a change in the structure of LaAlO 3 from amorphous to polycrystalline after a 935°C RTA and La and Al penetration into the Si after RTA at temperatures ജ950°C.
As, to the best of our knowledge, abrupt Si/metal oxide interfaces have not yet been characterized at the atomic level, it is of interest to gain more in depth information on the true interfacial nature of Si/ LaAlO 3 structures and the consequences of postdeposition anneals ͑PDAs͒. The present work provides structural information on the atomic scale by monitoring paramagnetic point defects in ͑100͒Si/ LaAlO 3 structures. We demonstrate, through the occurrence/absence of interface specific ͑P b0 , P b1 ͒ and/or interlayer associated ͑EX͒ point defects, the appearance, additional growth, and modification of a SiO x interlayer at T an ജ 860°C.
The amorphous ͑30-60 nm thick͒ LaAlO 3 thin films were deposited by MBD on p-type ͑100͒Si͓͑3-6͒ ϫ 10 15 B/cm 3 ͔ at room temperature using elemental sources. 17 This deposition process has been shown to produce stoichiometric amorphous LaAlO 3 thin films with an abrupt LaAlO 3 / Si interface.
14 From these wafers, ESR slices of 2 ϫ 9 mm 2 main area were cut with the 9 mm edge along a ͗011͘ direction. Cutting damage was removed through selective chemical etching. The thermal stability of the deposited LaAlO 3 layers and interfaces was analyzed by subjecting samples to ϳ10 min PDA at desired temperatures between 630 and 1000°C generally in a 1 atm N 2 +5% O 2 ͑99.995%͒ ambient. Several sets of samples were used for the various thermal steps. As an additional test related to potential ESR activation/maximalization of paramagnetic defects some samples were subjected for 10 min to 10.02 eV vacuum UV photons ͑ϳ5 ϫ 10 14 cm −2 s −1 ͒ or short positive corona charging ͑3 A for 10 s͒. Conventional cw slow-passage K-band ESR measurements were carried out 6 at 4.2 K for the applied magnetic field B rotating in the ͑011͒ Si plane with respect to the ͓100͔ interface normal n. Figure 1 shows an overview of ESR spectra, observed with B ʈ n on the as-deposited ͑100͒Si/ LaAlO 3 structure and after different PDA steps. Within spectral accuracy, no ESR active defects could be observed on the as-deposited samples; the spectra remained unchanged for annealing up to T an ഛ 800°C. Upon annealing in the temperature range T an ϳ 860-970°C, however, a resonance signal is observed at zero crossing g = 2.0060± 0.0001 with peak-to-peak width ⌬B pp = ͑7±1͒ G, exhibiting distinct angular anisotropy. To trace the signal's origin, a g map was composed for B rotating in the ͑011͒ plane. The data could be well fitted by an axial symmetric system with principal g values g ʈ = 2.0017± 0.0001 and g Ќ = 2.0082± 0.0001. This result matches the g pattern of the P b0 defect in standard thin SiO 2 / Si systems, 12 leaving little doubt about the signal's origin. It appears that the ͑100͒Si/ LaAlO 3 interface has become Si/ SiO 2͑x͒ type, evidencing that a SiO x -type interlayer has formed. As can be seen from Fig. 1 , another signal is observed after annealing in the range T an ϳ 888-940°C at g = 2.0025± 0.0001. This could be identified as the EX signal from the observed accompanying hyperfine doublet ͑16.4 G splitting͒ centered around this g value, typically observed for this defect, 16 The EX defect is a SiO 2 associated center, which is well known from studies of Si/ SiO 2 structures. 17 No LaAlO 3 -specific point defects could be observed either on the as-deposited samples or after PDA nor after additional corona or vuv treatment.
The main PDA results ͑5% O 2 +N 2 ͒ are compiled in Fig.  2 showing the density of observed defects as a function of PDA temperature. Several aspects are worth noting. ͑1͒ No ESR signals, in particular, no P b -type defects, could be observed in the as-deposited Si/ LaAlO 3 structure. On the basis of the latter criterion it evidences, with atomic level sensitivity, that there is no SiO x -type interlayer present or that this interlayer is at least substantially thinner than 18 3 Å-an abrupt interface-which is in good agreement with our previous results.
14 This is in sharp contrast with other stacks of ͑100͒ Si with high-layers, such as Al 2 O 3 , HfO 2 , and ZrO 2 , where the presence of such an interlayer appeared inevitable, even in the as-deposited state, which was revealed by ESR. 6, 7 The abrupt interface remains unaltered even during subsequent annealing up to T an ഛ 800°C, indicating that the interface is thermally stable. ͑2͒ After annealing at T an ϳ 860°C a SiO x -type interlayer has formed, as evidenced by the observation of P b0 defects. ͑3͒ Upon annealing at a slightly higher temperature T an ϳ 888°C, the SiO 2 -associated EX defect appears, so delayed over ϳ30°C in terms of T an . This observation corroborates the presence of a SiO x -type interlayer and also indicates an additional growth of the interlayer. The defect was not observed in the sample annealed at T an ϳ 860°C even though the presence of a SiO x -type interlayer in this sample is signaled by the observation of P b0 defects. It suggests that a minimal thickness of the SiO x interlayer is needed for ͑ESR͒ detectable formation of EX defects, at least more substantial than required for effective Si/ SiO x -interface FIG. 1. Derivative-absorption K-band ESR spectra measured at 4.2 K for B perpendicular to the interface of ͑100͒Si/ LaAlO 3 structures subjected to different PDAs in N 2 +5% O 2 ͑10 min͒. Spectral heights were normalized to equal marker intensity and sample area. The applied modulation field amplitude B m was 0.6 G and incident microwave power P ϳ 2.5 nW. The signal at g = 1.998 69 stems from the comounted Si:P marker sample.
FIG. 2.
Overview of the defect densities ͑inferred through double numerical integration͒ in ͑100͒Si/ LaAlO 3 entities as a function of isochronal PDA in N 2 +5% O 2 ͑10 min͒ for P b0 and EX centers, represented by the closed and open symbols, respectively. The solid and dashed lines are Gaussian curves, merely meant to guide the eye in exposing the peaking in defect generation and the somewhat lagging behind ͑ϳ30°C͒ of EX production vis-à-vis P b0 . Data points at zero defect density mean that no signal could be detected.
formation. The interlayer thickness, however, is unknown. In broader context, it is interesting to note that the generation of EX centers upon annealing at elevated temperatures in oxygen-containing ambients appears symptomatic for stacks of high-metal oxide layers on Si. 19 Prominently, the defect density versus T an curves ͑Fig. 2͒ show a peaked behavior, simulated by Gaussian curves. The maximum P b0 density ͑P b0 ͒ϳ͑1.3± 0.3͒ ϫ 10 12 cm −2 is obtained at T an = 900°C while the maximum EX density ͓EX͔ ϳ͑1.0± 0.3͒ ϫ 10 12 cm −2 is obtained at a slightly higher PDA temperature T an = 940°C. On the account of P b0 , it appears that for annealing from T an Ͼ 900°C onward, the interface starts to break up first, where it is interesting to note that, in the range T an ϳ 900-940°C, the EX density still increases while the P b0 density already starts to decrease. So, the overall picture emerging from the curves in Fig. 2 is that, as compared to P b0 , the manifestation of the EX peak is delayed in terms of T an . The true character of the Si/ SiO x -type interface is disrupted first ͑elimination of interfacial Si-dangling bonds͒, but for T an ജ 940°C, the defects rapidly disappear altogether, pointing to drastic disintegration of the interfacial region, i.e., elimination of the "pure" SiO x component. For clarity, this disappearance of the ESR-active centers is not due to inadvertent H passivation, as verified by applying additional vuv irradiation after some PDA steps.
It is interesting to put the acquired atomic level information in terms of occurring point defects in the perspective of previous morphological/compositional studies on the Si/ LaAlO 3 structure. Recent work 15 has investigated the thermal stability of ͑100͒Si/ LaAlO 3 /Al 2 O 3 stacks against RTA in N 2 ambient at 850-1040°C for 10-20 s. As observed by atomic force microscopy and x-ray diffraction, the work reports that RTA from 900°C onward starts to induce changes in surface morphology, together with initiation of the transformation of the amorphous to polycrystalline state. Secondary-ion-mass spectroscopy profiling shows substantial penetration of Al and La atoms into the Si substrate for RTA at or above 950°C, and the penetration remains below the detection limit for T an ഛ 935°C. Our ESR data may well fit within this morphological picture: In terms of T an , we may link the initiation of the formation of a Si/ SiO x -type interface with the very early onset of LaAlO 3 film crystallization, followed by some more substantial SiO x -type interlayer growth with increasing T an . For clarity, though, the appearance of the P b0 centers cannot be directly linked to the grain boundary regions per se, as this would conflict with the observed ESR spectral anisotropy in registry with the crystalline ͑100͒ Si surface. Then, for T an further increasing above ϳ940°C, the progressing interdiffusion chemically destroys the pristine nature of the SiO x component ͑possibly silicate formation͒ resulting in the obliteration of the SiO 2͑x͒ -specific point defects. It is possible that the onset temperature for La and Al outdiffusion in the current case is somewhat lower considering the applied longer PDA treatment times ͑10 min͒ as compared to previous RTA work ͑10-20 s͒.
Also, within the interpretation, it appears we detect the initiation of crystallization of the a-LaAlO 3 film somewhat at lower T an than in previous work. 16 Again, this may partly have resulted from the applied longer anneal times in conjunction with the presence of O 2 in the anneal ambient. Yet, it may as well bear out that ESR is prone to detect interfacial reshaping in a very embryotic state, ahead of standard morphological/compositional methods.
In summary, ESR has been successfully applied to assess the nature of the interface in ͑100͒Si/ LaAlO 3 entities and thermally induced alterations. It is found that the ͑100͒Si/ LaAlO 3 structure exhibits a high quality and robust interface in terms of dangling-bond-type interface defects. This interface appears to be stable under extended thermal anneals up to ϳ850°C, suggesting the possibility of nearly perfect matching of the Si crystal lattice and the LaAlO 3 network. Upon annealing at T an ജ 860°C a SiO x -type interlayer is formed as evidenced by the appearance of P b0 interface defects, likely indicating the onset of crystallization of the a-LaAlO 3 film. At somewhat higher T an , the EX defect is observed. The delay in appearance of EX vis-à-vis P b0 points to additional growth of the SiO x -type interlayer. Upon annealing at T an ജ 930°C, however, the Si/ SiO x -nature of the interlayer starts to break up, resulting in fast, likely compositional, transformation with increasing T an as signaled by the disappearance of the SiO x related defects altogether. It could be related to the diffusion of La and Al into the silicon substrate and possibly formation of a silicate interlayer. 
